Abstract: Functional electrical stimulation cycling has been proposed as an assistive technology with numerous health and fitness benefits for people with spinal cord injury, such as improvement in cardiovascular function, increase in muscular mass, and reduction of bone mass loss. However, some limitations, for example, lack of optimal control strategies that would delay fatigue, may still prevent this technology from achieving its full potential. In this work, we performed experiments on a person with complete spinal cord injury using a stationary tadpole trike when both cadence tracking and disturbance rejection were evaluated. In addition, two sets of experiments were conducted 6 months apart and considering activation of different muscles. The results showed that reference tracking is achieved above the cadence of 25 rpm with mean absolute errors between 1.9 and 10% when only quadriceps are activated. The disturbance test revealed that interferences may drop the cadence but do not interrupt a continuous movement if the cadence does not drop below 25 rpm, again when only quadriceps are activated. When other muscle groups were added, strong spasticity caused larger errors on reference tracking, but not when a disturbance was applied. In addition, spasticity caused the last experiments to result in less smooth cycling.
Several studies have presented evidence of health and fitness benefits emerging from cycling assisted by functional electrical stimulation (FES Cycling) for subjects with spinal cord injury (SCI) (1) (2) (3) . Among the benefits conferred by current evidences (4) , emphasis has been placed on potential therapeutic effects related to active contraction of paralyzed muscles improving muscular and skeletal metabolism (5) , cardiopulmonary condition (6) , and general improvement of physiological and psychological performance, including partial recovery of leg function in incomplete SCI subjects (7) .
Nevertheless, some limitations within the current technology may still prevent further benefits to the user. For instance, studies have shown that power output obtained using electrical stimulation is reduced when compared to the levels reached using volitional recruitment (8, 9) . This leads to a higher energetic effort that, together with the accelerated fatigue induced by FES, may prevent achieving longer exercise sessions, which is required to develop higher cardiovascular function performance (1) . That fatigue happens because the muscle fibers that are more sensitive to electrical stimulation are the ones that fatigue faster. Volitional contraction usually occurs in the opposite order. According to the Henneman's principle (10) , slow fatigue fibers, that are weaker but more fatigue resistant, are naturally recruited first, and only then the fast fibers, that are stronger but fatigue faster, are recruited. This is why this phenomenon is called reverse recruitment (11) .
The limitations mentioned above are often associated with features related to motor unit recruitment using surface electrical stimulation, which presents low selectivity. It is hard to control the current path due to complex tissue structure (10) . Moreover, FES cycling performance may be further decreased depending on FES control system design. As an example, non-smooth pedaling may be caused by inappropriate FES-induced torques on the crank, leading to lower efficiency and increasing fracture risks (12) . Although improvements in overall performance may be achieved by complementary control strategies, investigations that attempt to evaluate the impact of each control strategy on real settings are not frequent.
In our work, the general goal is to investigate stimulation and control strategies that may improve FES cycling overall performance, both in terms of delivered power and muscular fatigue reduction. Previous works have shown that long-term FES cycling can increase the fatigue resistance (13) and in a previous work (14) , we have presented results on cycling cadence regulation obtained by FESinduced active contractions on able-bodied subjects. Here, based on similar setup and controller, we present a new evaluation effort involving a case study of one person with paraplegia, in which realistic cycling scenarios, such as varying reference cadence and changing load, are emulated in two distinct periods within the preliminary tests and the subject's training cycle. The hypothesis we wanted to address was that a training cycle with FES and the activation of more muscle groups would have a significant effect on performance at following a cadence reference and rejecting a disturbance.
SUBJECT AND METHODS
This experimental case report is based on a recumbent tadpole trike adapted for use by subjects with paraplegia.
Experimental setup
The setup is based on an adapted tadpole trike (HP3, Brazil), depicted in Fig. 1 . The tadpole trike, which features two wheels at the front and one at the back, was chosen for its improved stability when compared to delta tricycles. Among the modifications required for use by subjects with paraplegia, supporting surfaces for the whole foot have been attached to each pedal. In addition, a vertical rod was rigidly fixed to this structure and the leg to secure the limb and prevent residual movements outside the sagittal plane. This structure also restricted ankle joint range of motion in all planes, and fixed it at 908. This is important because the system activates muscles that can only cause hip and knee extension or flexion, but no movement on the ankle. Therefore, that joint must be restricted to prevent structural injuries. The pedal can be adjusted for subjects with different heights and shoe sizes. There are straps to hold the legs and feet to the adapted pedal. The leg is protected using rubber and foam.
In addition to the trike itself, a nonmotorized cycling trainer (Alt-Cycle, Altmayer Sport, Mafra, Brazil) was employed to enable indoor and stationary trials. It is a commercially available device on which the trike is installed and that enables the traction wheel to spin loosely or with a load. A mechanical assembly was attached to enable instantaneous application of disturbance loads to the trainer. As illustrated in Fig. 2 , increasingly strong disturbances may be applied by using heavier loads. The load can simulate an additional weight applied on the trike or a slope that has to be cycled up. Although the actual weight of the load is not directly or completely transferred to the pedals, it makes for a reproducible method.
As for the stimulation unit, a Rehastim (Hasomed, Magdeburg, Germany) stimulator was employed. It is an 8-channel current-controlled stimulator that outputs biphasic square pulses. The 
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stimulation parameters (frequency, amplitude, and pulse width) can be updated in real time through a universal serial bus (USB) connection. Control algorithms and additional processing are implemented in Python and executed in a personal computer at 25 Hz. The controller receives crank position and angular speed readings from wireless inertial sensors (3space, Yei Technology, Portsmouth, OH, USA), similarly to previous works like (15) . The sensing unit is composed of 3-axis accelerometers, gyrometers and magnetometers, and provides measurements of crank position and angular speed based on the fusion of data acquired from those individual sensors. That data is sent to an USB dongle through a 2.4 GHz proprietary communication protocol. That communication runs at approximately 170 Hz.
The sensor is attached to the left crank, and it is calibrated to indicate 08 when the left pedal is pointing upwards. Therefore, that position represents 08, while when the left pedal is in its most forward position it represents 908, downward 1808, and backward 2708. As the crank is rigid between both sides, 08 means the right pedal is in its downward position. Figure 3 describes the whole system as a block diagram.
Control strategy
The closed-loop control of stimulation pulses is performed using two control loops. As summarized by the diagram depicted in Fig. 4 , stimulation phases are calculated based on crank position and cadence, described in rotations per minute (rpm). The set of all muscles normalized activation patterns based on these phases is referred to in this article as stimulation profile.
The stimulation profile for each pedaling revolution is determined within the inner loop illustrated in Fig. 4 . It is defined according to the static biomechanical properties of the recumbent cycling position with respect to the crankset and describes which muscles should be activated at each given angular position of the crank to generate cycling movement. Furthermore, stimulation patterns are then adjusted based on cycling cadence, similarly to what was proposed by (5, 14, 16) , to take into account natural delays involved on FES-induced muscle contraction. To accomplish that, the system shifts counterclockwise the angular positions in which the stimuli are applied (14) . In other words, the faster the cadence, the earlier the stimulation must take place and stop. Figure 5 illustrates the approximate angle phases in which the left quadriceps (QL) and right quadriceps muscle groups were activated at two different cadences.
The start and final crankset angles in which to stimulate were initially set based on Lopes et al. (17) , where able-bodied subjects cycled in a FIG. 2. Trike schematic illustrating the mechanism design to apply the disturbance load.
FIG. 3.
Full system block diagram. The stimulator generates the electrical stimulation which causes neural activation on the subject legs. The nerves are connected to the muscles through innervations causing muscular contraction. The legs will transmit force to the crank that will spin, and the angular position and velocity (cadence) will be acquired by the sensor, which is an inertial measurement unit (IMU). With the angular information, the control unit, powered by its own battery, calculates the required stimulation intensity and sends it to the stimulator. The user has an interface with which he/she can turn the system on or off. recumbent ergometer and electromyography measurements were taken from the lower limb muscles, describing the activation pattern of each muscle when cycling. Then, the angles were empirically adjusted to the present setup, including the specific subject and his position on the trike. The procedure was conducted in this work by manually placing the crank in different angular positions and activating the different muscle groups while attempting to find the phases in which the contractions generated greater torque. Following this procedure, QL ranged from 2808 to 158, left hamstrings from 1008 to 2058, and left gluteus from 3108 to 1108. The shift amount was kept the same as proposed by (14) , that is, 358.
The following equations describe the inner loop behavior, where f x is the inner loop output variable for muscle x, u is the crank angular position, x is the crank angular velocity, x ref is the reference crank cadence, u min x and u max x are start and end angles for a given muscle group activation, u sh x is the maximum angle shift and u rg x is the angular range in which that muscle group is activated. Parameters under bars are predefined nominal values.
Furthermore, in the outer loop seen in Fig. 4 , stimulation intensity (modulated using pulse width in this work) is controlled to provide an automatic capability to adjust FES level for the required cycling cadence. The goal while providing this functionality is to improve system robustness with respect to different nominal stimulation amplitudes selected within the initialization procedure, which remain constant for the entire duration of the experiment. These nominal amplitudes are defined by placing the crank manually in different angular positions and applying 300 ls pulses on a single muscle, while gradually increasing the amplitude until there is enough torque to initiate movement. In addition, the cadence control reacts to changes in muscle response, for example, FES-induced fatigue, or different loads that could simulate different total weights on the trike or inclinations on the terrain. The control acts on the pulse width, which can range from 0 to 500 ls (time length of one of the two phases in the biphasic square pulse). On this case report, a Proportional-Integral (PI) controller is used based on the following parameters: K P 5 10
22
, and K I 5 10 25 . These parameters were found empirically on a previous work, which also provides further details on the overall controller (14) . Finally, the following equation describes the stimulation control signal u x , where f is the outer loop output variable:
On all cases, the stimulation is applied in a trapezoidal shape, so that the full stimulus is not applied and removed at once, but with ramps, as this strategy has been shown to produce fewer spasms and after-twitches (18) . These ramps are set in a manner that right and left leg stimulations overlapped. In other words, before the stimulation on one leg stopped, the other leg's stimulation begins. That also happens between different muscle groups on the same leg.
Subject and protocol
After clarification and signing the ethics committee informed consent (CAAE 50337215.1.0000.0030, approval number 1.413.934, 18 February 2016), one participant took part in this study. The volunteer (age: 37 years; height: 1.70 m; body mass: 67.40 kg) had a complete sensory-motor thoracic traumatic SCI (T9; AIS A-American Spinal Injury Association Impairment Scale) for 3 years by the time this work began. He was an active athlete, competing in sailing and rowing. Before the experiments described here, the subject underwent 6 months of monitoring including preliminary tests, pretraining, and training phases where he got used to electrical stimulation therapies, and both muscle mass and produced torque increased. During that period, he first underwent a 16-session protocol that started with electrically stimulated isometric contraction of the quadriceps. These sessions are better detailed in Gf€ ohler (10) . He then exercised daily with FES for up to 1 h and 30 min, which was based on Duffell et al. (13) under healthcare professionals supervision. After that, he did a series of exams to ensure his tolerance to the experimental protocol. This was an additional safety measure due to expected increase in workload, particularly since previous exercises involved low-level isometric contractions. These exams were a DEXA (Dual-energy x-ray absorptiometry), AIS (ASIA Impairment Scale), cholesterol and triglycerides test, glucose test, lactate test, urinary exam, thyroid exam, vitamin dosages B12 and D, electrolyte concentration, and complete blood count. That evaluation analyzed bone density, cardiovascular capacity, and general health status.
Two scenarios were evaluated:
Single muscle activation (SMA): electrical stimulation was applied to activate the quadriceps muscle groups to achieve lower limb extension. There was no way to actively induce flexion. However, due to the fixed circular shape of the pedals' trajectory, the extension of one leg led to the flexion of the other, thanks to the bilateral stimulation synchronous timing that was applied.
Multiple muscles activation (MMA): besides the quadriceps, the hamstrings and glutei were also activated.
Between scenarios SMA and MMA, there was an additional 6-month period of FES training, including 4 months of pretraining, in which the other muscles were progressively more involved in the FES cycling protocol (19) . During the last 2 months, the subject trained on the trike three times a week, for up to 1 h each.
The same two protocols were employed in each of the two scenarios:
Cadence tracking: The system had to follow a time-varying cadence reference. It started as a step from 0 to 25 rpm. It maintained that cadence for 13 s, and then rose in a ramp up to 42 rpm. After 13 s, it lowered to 25 rpm, maintained that cadence for 13 s, and then lowered again to rest, always in smooth ramps. The ramps were designed to last for 5 s, except the last one, which lasted for 7 s. These five stages are illustrated in Fig. 6a . The stimulation current was 40 mA at 50 Hz, and the pulse width was modulated up to 500 ms. Disturbance rejection: The cycling reference was kept at a constant cadence of 33 rpm. At a specific moment, a disturbance was added to the system, simulating a slope. After 20 s, the disturbance was removed. The disturbance applied on this test was a load of 5.9 kg. It was introduced at once, and also removed at once, as a step function. It is illustrated in Fig. 6b .
During the preliminary tests, it was noted that occasionally the cycling would stop if the cadence
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was too slow. It seemed to happen when the crank was at points in which there was no neuromuscular stimulation, called dead spots. After some trials, the value of 25 rpm was chosen as the minimum cadence with which the system angular kinetic energy could overcome these dead spots. For the same reason, the start of each trial could not be a ramp, as the other phases when the cadence changed. If it were, the subject would quickly fall into a dead spot and would not be able to recover. Instead, the start was performed with a step function, applying full stimulation at once and then letting the control act. On MMA scenario, however, although some muscle groups generated greater torque than others did, the dead spots were eliminated, since at least one muscle group was activated at all times.
For each protocol in each scenario, three trials were performed. The performance was assessed in two aspects: the system capability to follow the reference, and how smooth the cycling cadence was. These aspects were evaluated by average mean error (AME) between the measured cadence and reference, and error standard deviation (SD) between the same two signals, respectively.
The results from each scenario were compared using statistical tests for different means. The two Note that the load causes the cadence to drop, and it is only recovered after the load is removed. The normalized stimulation intensity saturates in a number of moments by the end of the disturbance phase. (c) Trial 2, protocol disturbance, scenario MMA. Note the higher oscillation when compared to scenario SMA. Also, the normalized stimulation intensity never saturates. (d) Trial 2, protocol disturbance, scenario MMA, low-pass filter applied. Note that the average cadence remained close to the reference, even when the load was applied.
scenarios were treated as independent samples, and normality was assumed within each session. Therefore the two-sample t-test was used.
Whenever the measured cadence resulted in a high-frequency signal, a moving-average filter with a window size of 700 was used to facilitate visual inspection.
RESULTS
Some examples of trial results are shown in Fig.  6 , while the experimental results obtained during this case study are depicted in Fig. 7 . The statistical tests results are presented in Tables 1 and 2. On protocol cadence tracking, Fig. 7a shows that the error was lower during SMA than during MMA scenario. The tests' results seen in Table 1 confirm this outcome for all stages of the experiment. Oscillation, however, seemed stronger during the initial 25 rpm stage (P < 0.0001), and during accelerate (P 5 0.0031) and decelerate (P 5 0.0120) stages. That means the cadence was less smooth on these phases. On the other stages, no difference could be detected due to high deviations on the measurements.
On protocol disturbance rejection, errors were larger on MMA scenario on the initial (P 5 0.0136) and final (P 5 0.0147) stages, which are the ones without load, similar to protocol cadence tracking. However, when the disturbance was applied, there was no significant difference (P 5 0.6201). Regarding oscillation, no difference was detected on the predisturbance stage (P 5 0.1101), but it was higher during the disturbance (P 5 0.0291) and post-disturbance (P 5 0.0017) stages. It is worth mentioning that in the MMA scenario, although the cadence dropped below 25 rpm, as seen in Fig. 6c , the cycling did not stop as expected due the two extra muscle groups.
With the goal to pursue better results and following propositions in Hunt (20) , the subject was trained with hamstrings and glutei for an additional 2 months after the SMA scenario tests had been performed. Moreover, the involvement of the additional two muscle groups aforementioned enabled the subject to generate torque in all crank positions, minimizing dead spots and reducing the oscillating effect. However, the obtained absolute mean errors were, in fact, greater in the MMA than in the SMA scenario, as illustrated in Fig. 7 and Table 1 .
DISCUSSION
Although this study involved only one SCI subject, the obtained results enable discussing some of the method advantages and limitations. During the reference tracking experiment, the target cadence ranged from 25 to 42 rpm. The absolute mean error between 0.8 and 2.5 rpm observed in most stages and trials on SMA scenario represents errors that range from 1.9 to 10%. Still on that scenario, the dead spots induce cadence oscillation because they are moments when the lack of stimulation decreases the angular speed, and the next stimulation signal increases it. This is visible on Fig. 6a by the oscillating aspect of the curve. Every peak represents a leg being stimulated, and every valley is the moment when there is no stimulation. Most of the error is due to this effect, which also occurs with able-bodied subjects practicing regular cycling, although with a lesser impact (21) , and should be minimized to delay fatigue and improve performance (22) . One alternative is to use a fixed gear that supplies a greater inertia and therefore makes it possible to decrease the oscillating effect. Results on Szecsi et al. (23) show that this strategy can delay fatigue on FES cycling.
The step function used to start the movement, as described in the Methods, caused the cadence to initially overshoot, and then to oscillate until settling close to the reference, as is natural with PI controllers. Therefore, the first phase (25 rpm) typically presents high error values. However, the last phase (stopping) was kept as a ramp from 25 to 0 rpm and the subject ends up falling into a dead spot, also leading to high errors.
In all trials of protocol disturbance rejection, the cadence lowered during the period in which the disturbance was applied, as illustrated in Fig. 6b . However, the system was able to maintain the cycling pattern, although below the reference cadence, but over 25 rpm. If the cadence had dropped below 25 rpm, the systems would probably stop, as previously explained. During the time in which the disturbance was applied, the stimulation parameter saturated (500 ls), as can be seen in Fig. 6b . After the disturbance had been removed, the cadence took some time to return to 33 rpm. We suspect it happened because the muscles got slightly fatigued due to the saturation, but quickly recovered and could reach the reference cadence again.
It is important to remark that the trike gears were never changed during the whole work. In a real world situation, for example, if the pilot is fatigued or he/she faces a slope of some kind, the gears could be lowered, and the load on the cycling would become lighter, making it easier to keep cycling. We believe the larger errors in the MMA scenario were greatly caused by strong spasticity that would sometimes stop the movement completely, although the correct stimulation was in place. That effect resulted in a very oscillating cycling movement (see Fig. 6c and Table 2 ), which ultimately led to large errors. This was unexpected because although it is not possible to predict spasticity (24), many works reported decreasing of spasticity in FES and cycling protocols with SCI and other neurologically impaired subjects, (25) (26) (27) (28) (29) , even when these are highly spastic (30) .
The spasticity could be visibly identified, but the fact that the rigid crank kept both feet in mutually dependent positions, it was impossible to know which muscle caused a particular movement when that muscle was not activated by FES. One way to greatly improve that scenario would involve using different torque sensors for each pedal (18) . Besides making it possible to identify unexpected forces whenever they occur and its magnitude, the initial calibration method could be improved by better measuring the efficient torque versus stimulation in different crank angles (31, 32) .
One other source of error might be related to the timing of stimulation. On this work, the time in which the stimulation takes place is based on the instantaneous cadence. However, Sinclair et al. (33) found that, when stimulated, the time before the quadriceps torque takes place and how long it takes to increase is dependent on the knee joint angle, and is not constant along all the cycling range. Also, Schutte et al. (34) discussed how the hamstring stimulation parameters should be defined including hip and knee joint torque information, and that different parts of the muscle should be differently activated, which could be achieved using electrode arrays.
In the beginning of the study, it was hypothesized that more muscles and more training would empower the user with the required strength to overcome the higher load on the disturbance test. The absolute mean error is still high due to the oscillation, but there were cases in which the response to the perturbation seemed good, as can be seen on the filtered example portrayed in Fig. 6d . However, the results were inconclusive (P 5 0.6201).
It is important to note that spasticity itself could accelerate fatigue. Although the real association between spasticity and fatigue is still controversial (35) , a higher metabolic rate to generate an increased muscular tone may supposedly contribute to fatigue. If the hypothesis is right, the stronger it is, and the more frequent and present it is, the earlier the fatigue will take place during cycling. According to this approach, it must be minimized not only to improve control but also to avoid involuntary reaction and to favor the pharmacological (36) and exercise-induced modulation (37) of the spasticity.
As the subject was under appropriate pharmacological control prescribed by a physician, we supposed that he was exposed to overloaded intensities at the end of the training by which an inappropriate afferent input on spinal cord motor plasticity generated a maladaptive hyper-excitability response (38) . Our hypothesis is that, at the beginning of the experiment, the low intensities of stimulation and training provided by kinematic and electrical inputs were suitable to modulate the motoneuron excitability preventing spasticity and other involuntary reactions. However, as we moved forward in training, the nociceptive/noxious afferent inputs triggered by local tissue sufferingpain and inflammatory response followed overloaded training-would be producing alterations in sensory function which caused maladaptive neuroplasticity observed as spasticity. This hypothesis will be better investigated in the future by our research group.
Still in the MMA scenario, it is worth mentioning that stimulation did not saturate, as can be seen in Fig. 6c , while in the SMA scenario the opposite occurred. That is, more evidence that more muscles and training contribute to increasing the cycling capability since lower stimulation causes less fatigue and, therefore, longer cycling sessions are possible. This is important in the contexts of exercising and leisure.
Further experiments encountered empirical correlation between spasticity and hamstrings stimulation. Whenever the experiments were repeated without hamstrings, the spasticity lowered. However, even so, results similar to those of scenario SMA could no longer be achieved. Our hypothesis is that the 2-month final stage of training may have indeed induced stronger spasticity in the subject. Months later, the subject was diagnosed with a lesion in his left leg. A possible connection between that and the spasm is an ongoing investigation.
CONCLUSION
The main purposes of this work were to evaluate FES cycling control systems in a 6-month period involving two realistic cycling scenarios, as well as presenting the results of a case study in which such approach was employed.
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This study showed that the proposed setup and the developed control strategy were capable of tracking a changing cadence reference for FES cycling, as long as it did not drop below 25 rpm when only the quadriceps were stimulated. To reduce the mean absolute error even further, we trained the subject with hamstrings and glutei. However, when activating all these muscle groups was attempted, we faced high spasticity. Future works shall investigate potential causes to the phenomenon.
The disturbance rejection tests showed that a disturbance load could affect the cadence in a way that the SMA scenario strategy was unable to recover while the load is present. The pilot could keep on cycling and possibly even recover the target cadence if he/she lowered the gears.
The experiments with MMA scenario showed that when more muscles were involved, and more training was undergone, the subject was able to keep an average cadence close to the reference. The oscillating effect caused by spasticity, however, as mentioned before, was higher and a challenge to be overcome.
As a future work, our work group will initiate a broader study involving a greater number of subjects, which will help us analyze our control strategies in comparison to others in the literature. Also, other important variables will have their effect assessed, for example, the influence of SCI chronicity, SCI level, and mechanical aspects. One of the questions we will investigate with a larger group of subjects is if adaptive and maladaptive neuroplasticity could be controlled by appropriated afferent inputs provided by FES cycling training.
Future research effort also includes further instrumentation of the trike. Particularly, force sensors on both pedals may provide precise feedback on each leg torque contribution (39) , allowing the system to independently modulate the neuromuscular stimulation. This should be useful in case one leg is stronger than the other, or fatigues faster. With independent force data, new control strategies can be designed that should reduce fatigue and increase the exercise efficiency. Also, a motor (10, (39) (40) (41) will enable the system to induce cycling even when the subject has not yet responded to FES with sufficient force, which could help new users to cycle.
